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Abstract 

The  three-dimensional  solution  structure of a nonspecific lipid transfer  protein  extracted  from maize seeds deter- 
mined by 'H  NMR  spectroscopy is described.  This  cationic  protein  consists of 93 amino acid  residues.  Its struc- 
ture was determined  from 1,091 NOE-derived  distance  restraints,  including 929 interresidue connectivities and 
197 dihedral  restraints (4,$, x,) derived from NOES and 3J coupling  constants. The global  fold involving four 
helical fragments  connected by three  loops  and a C-terminal tail without  regular secondary  structures is stabilized 
by four  disulfide bridges. The  most  striking  feature  of  this  structure is the existence  of an  internal  hydrophobic 
cavity running  through  the  whole  molecule.  The  global  fold of this  protein, very similar to  that  of a  previously 
described lipid transfer  protein  extracted  from wheat  seeds  (Gincel E et al., 1994, Eur J Biochem 226:413-422) 
constitutes a new architecture  for  a-class proteins. 'H NMR and fluorescence  studies  show that this  protein forms 
well-defined complexes in aqueous  solution with lysophosphatidylcholine.  Dissociation  constants, K d ,  of  1.9 f 
0.6 x M and M  were obtained with lyso-C,,  and -Clz,  respectively.  A structure  model  for a  lipid- 
protein  complex is proposed in which the  aliphatic  chain  of  the  phospholipid is inserted in the  internal cavity and 
the  polar  head  interacts  with  the  charged side chains  located  at  one  end of  this  cavity. Our model  for  the lipid- 
protein  complex is qualitatively very similar to the recently published  crystal structure (Shin DH et al., 1995, Struc- 
ture 3:189-199). 
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Lipid transfer  proteins,  found in various  organisms  including 
animals,  plants,  yeast,  and  prokaryotic cells (Crain & Zilver- 
smitt, 1980), have  the  common  property of transferring  phos- 
pholipids between membranes in vitro.  Whereas several LTPs 
extracted  from  mammalian tissues are specific (Rueckert & 
Schmidt, 1990), plant  LTPs exhibit a broad range  of affinity  for 
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polar lipids because they transfer  (Miquel et al., 1987; Geldwerth 
et al., 1991) phosphatidylcholine,  phosphatidylethanolamine, 
phosphatidylinositol,  and glycolipids;  hence their  name,  non- 
specific lipid transfer  proteins. These proteins,  also able to bind 
fatty acids and acyl-coenzyme  A  esters  (Ostergaard  et al., 1993), 
constitute a  family of small  (about 9 kDa) basic proteins,  and 
a consensus  sequence  (Desormeaux et al., 1992) of more  than 
15 primary  structures  of  ns-LTPs  has been established.  The eight 
cysteines of the sequence are strictly conserved and  form a corn- 
mon  array of disulfide  bridges.  Genes and/or  cDNAs  encoding 
ns-LTPs have  been  isolated from a large  number of plant spe- 
cies and  there  are generally several LTP genes per plant  genome, 
except for  the  carrot, in which only  one gene has been detected 
(Sterk  et a]., 1991). Two or three  ns-LTP genes are present  in 
the Arabidopsis genome  (Thoma et al., 1994), at least four 
in the  genome of Brassica olecea (Pyee et al., 1994), and  two 
in the tomato genome  (Torres-Schuman et al., 1992). Several ns- 
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LTP genes are  found in the genomes of barley (Causing, 1994), 
castor bean (Tsuboi et al., 1992), rice (Vignols et al., 1994), and 
sorghum  (Pelese-Siebenbourg et al., 1994). It should be noted 
that, within one  plant species, LTP genes encode  for  isoforms 
with distinct  patterns of expression.  There is a  great diversity 
of LTP genes.  They are  located in various tissues, with some  of 
them being  expressed  specifically in a cell layer (epidermis,  for 
example,  for maize genes [Sossountzov et al., 1991]), in an aleu- 
rone layer for barley  genes  (Skriver  et al., 1992), in anthers  for 
some  LTP genes from  rape seeds (Foster et al., 1992) and to- 
matoes  (Aguirre & Smith, 1993), in cotyledons  for  castor  beans 
(Weig & Komor, 1992), and in the  tobacco  shoot  apex  (Flem- 
ing et al., 1992). Other genes are  induced  under specific  physi- 
ological conditions  such as the  stems  of salt-stressed tomato 
plants  (Torres-Schuman et al., 1992). 

In addition,  plant  ns-LTPs  are all synthesized with a leader 
peptide. For spinach and barley ns-LTPs (Bernhard et al., 1991), 
it has been shown  that  the  protein is inserted  into  the lumen  of 
the  endoplasmic reticulum in vitro,  thus allowing them  to  en- 
ter the secretory pathway.  Indeed, they can be secreted into  the 
medium  of carrot  embryonic cultures  (Sterk et al., 1991) and so- 
matic  embryos of grapevine  (Coutos-Thevenot et al., 1993). 
They have also been located in the cell wall of epidermal cells 
of Arabidopsis (Thoma et al., 1994), as well as in glyoxysomes 
of castor bean cotyledons  (Tsuboi et al., 1992). 

Despite the extensive effort invested  in  their study,  the  role 
of  ns-LTPs  remains  to be elucidated in vivo. Different  theories 
have  been  suggested as,  for  example,  the  formation  of  cutin by 
transporting  the  hydrophobic  cutin  monomers (Sterk et al., 
1991; Meijer  et al., 1993). Owing  to  their  antifungal activity in 
vitro  (Molina et al., 1993) they can also be involved in the de- 
fense against  pathogens,  probably  due  to  a  membranotoxic  ef- 
fect as  observed  for  thionins  (Bowles, 1990). 

Recently, we have  determined the three-dimensional structure 
of a  wheat  ns-LTP  (Gincel et al., 1994) on the basis of two- 
dimensional  'H-NMR  data.  This  structure involves four heli- 
ces packed against  a  C-terminal region that  adopts  a  structure 
composed of a series  of turns (Kinemage I ) .  The most striking 
feature of this structure is the existence of an internal hydropho- 
bic cavity running  through  the whole  molecule that  appears  as 
a  potential site for lipid binding (Kinemages 2  and  3). 

In order  to better understand  the biological function of plant 
ns-LTPs, we have  determined  the  solution structure of the maize 
ns-LTP, a basic protein  extracted  from maize  seeds. Its activ- 
ity,  probably closely related  to its affinity  for  amphiphilic lip- 
ids, is likely to lead to  various  biotechnological  applications 
(Record et al., 1993). The maize ns-LTP displays about 60% se- 
quence similarities to  the  wheat  ns-LTP  and higher transfer  ac- 
tivity. In  addition, based on an  NMR  study  of maize ns-LTP 
complexes  with  lysolecithin, we propose a structure  model in 
which the  aliphatic chain of the  phospholipid is inserted into  the 
internal cavity  of the  protein.  While  our work  was in its  final 
stage,  the crystal structure of the maize ns-LTP  and its complex 
with a  palmitate were published by Shin et al. (1995). Because 
the  coordinates of  these structures  are not yet available,  only 
qualitative  comparisons  can be made.  The global folds  are very 
similar in solution  and in crystal.  These structures represent new 
models of lipid carriers  defined  as all a-proteins in which an ex- 
tended  hydrophobic molecule can be inserted.  The  elucidation 
of the  behavior  of  ns-LTPs  in  vitro  should  help clarify the  cur- 
rent  hypothesis on their biological function. 

Results 

Structural  statistics  and  global  fold 

Two-hundred  DIANA  structures were generated on the basis of 
1,091 NOE-derived distance  restraints  and 197 dihedral re- 
straints. Twenty-six DIANA  structures exhibiting a target func- 
t ion ranging  from 0.6 to 2 A' were subjected  to  simulated 
annealing and energy minimization with XPLOR. Fifteen struc- 
tures  presenting at least 76% of  their (r$,$) dihedral angles in  
the  core region  of the  Ramachandran  maps  and a similar sec- 
ondary  structure  pattern were selected for  further  analysis. All 
these structures  are consistent with NMR-derived restraints (Ta- 
ble l ) .  The average  deviations from the  experimental constraints 
are 0.023 A and 1. I o  for  distance  and  dihedral  angle, respec- 
tively. In addition, these structures  show very small deviations 
from  the ideal geometry and have reasonable nonbonded energy 

Table 1. Structural  statistics  and  residual  restrain[  violations 
of the 15 structures used to  represent [he solution  structure 
qf maize ns-LTP 

RMSD  f rom experimental restraints 
Distance  restraints  (A) 0.023  (0.018;  0.028) 
Angle  restrainls (")  I. 1 (0.79; I .49) 

Mean  number o f  violations of eaperimental restraints 
Distance  restraints 

Angle  reitraints 
Number > 0.2 A 3.87  (2; 6) 

Number > 5" 2.47 ( I ;  4)  

XP1.OR energies" 
ENoI (kcal mol - I )  14.77 i 3.31 
E,,,, (kcal mol I )  0.06 * 0.03 
E,,,, (kcal mol ") -268.28 t 9.20 
E, I (hcal mol - I )  -353.32 i 9.1 I 

RMSI)  from idealized geometry 
Bonds (A) 0.0089 (0.008; 0.009) 
Angles ( " )  2.276  (2.232;  2.320) 
Improper  angles ( " )  I .028  (0.858: I .  193) 

+/$ Angle  distribution 
Percentage of @ and  angles  lying in 
the  CORE  region of  the  Ramachan- 
d ran  plot" 76",'11 (72'%, 80'Jh) 

KMSDs  with respect to the mean structure' (A) 

Backbone''  All  non-hydrogen 
Residues 2-92 0.82 i 0.09  (0.71;  1.02) 1.17  0.10  (1.02;  1.40) 
Helices' 0.57 k 0.09  (0.46;  0.73) 0.97 t 0.1 1 (0.78; 1.18) 
C-terminus'  1.02 i 0.20  (0.73;  1.47) 1.38 f 0.20 (I .04; I .78) 

Pairwise RMSDS (A) 

Backbone''  All  non-hydrogen 
Residues 2-92 1 . 1 0  * 0.16  (0.72: 1.55) 1.70 k 0.18  (1.30:  2.15) 
Helices' 0.83 i 0.16  (0.52:  1.26) 1.41 k 0.18  (0.95; 1.90) 
C-terminus'  I .50 ? 0.32  (0.76:  2.26) 2.00 i 0.36 (1.15: 2.79) 

the CHAR" force field  implemented in XPLOR. 
.'These  energy  terms  are  calculated  from  the  final  coordinates  u\ing 

"Calculated  using  Procheck  (Laskowski  et al., 1993). 
' The  mean  Ttructure was obtained by  fitting N ,  C a ,  C', and  0 for 

" T h e   b a c k b o n e  is defined as comprising  the  N, C a ,  C',  and  0 

' Helices:  residues 5-19, 26-39,  43-58,  65-75. 
' C-terminus:  residues 76-92. 

residues 1-93. 

atoms.  
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terms as underlined by the average electrostatic and van der 
Waals energy terms (Table 1). 

The NMR solution  structure of the maize LTP is globular, 
with overall dimensions of approximately 38 A by 28 A by 24 A. 
A ribbon representation of the solution structure of this protein 
(Fig. 1 and Kinemage 1) shows that  the global fold involves four 
helices connected by three loops, a C-terminal fragment with- 
out canonical hydrogen bonded structure (Kabsch & Sander, 
1983), and  four disulfide bridges stabilizing its architecture. The 
helical parts of the structure are especially well defined by the 
experimental data as underlined by the RMSD on atomic coor- 
dinates of the helix atoms (Table 1). In  Figure 2 and in  Kinemage 
1 ,  one can clearly estimate the quality of the  structure determi- 
nation illustrated by the superposition of the C a  traces for the 
15 structures. However, the RMSD for the  loops connecting 
the helices and  for  the C-terminus (1.5 A on backbone  atoms) 
are more variable and  no unique conformation is determined 
by  NMR data. Globally, there is a good correlation between 
the  number of NOE restraints per residue and  the RMSD plot 
(Fig. 3A,B). The variability of the structures is also illustrated 
by the (+,$) angle variation along the sequence (Fig. 3C,D). 

The secondary structure pattern determined using the Kabsch 
and Sander (1983) method includes four a-helices, H1 (5-19), 
H2 (26-39), H3 (43-58), and  H4 (65-75) (Kinemage 2). One hy- 
drogen bond links Asn 67 side chain to  the  CO of Tyr 17. The 
four helices form an  original  right-handed  fold  already  observed 
for wheat ns-LTP (Gincel et al., 1994) and hydrophobic protein 
from soybean (Baud et al., 1993). The maize C-terminal frag- 
ment (from Cys 76 to Asn 93) is stabilized by two hydrogen 

bonds: NH (Ser 84). -.07 (Thr 87) and Os (Asp 88) . - .NH 
(Arg 91). Although several residues (Ile 79, Tyr 81, Thr 82, 
Thr 87, and Asp 88) are  found in an extended conformation, 
the NOE connectivity pattern of this fragment does  not corre- 
spond to a P-structure. A kink is observed in helix H1  at the 
Pro 13 residue, disrupting the pattern of a-helical hydrogen 
bonding. This helix can be divided into two parts, Hla  and Hlb  
(Fig. 1). The angle between Hla  and H l b  is approximately 20°, 
in agreement with the average value found by X-ray structure 
statistical analysis for the helices including a proline residue 
(MacArthur & Thornton, 1991). This kink is important for the 
organization of the hydrophobic core of the protein. The H4  he- 
lix is slightly curved, but there is no marked effect of the Pro 72 
residue located at the end of the helix and buried in a hydropho- 
bic environment. 

Disurfde bonds 

The consensus sequence for vegetable ns-LTPs (Desormeaux 
et al., 1992) includes eight cysteines forming four disulfide 
bridges. Only two of them were chemically determined for  the 
castor bean  ns-LTP (Takishima et al., 1988) (4-52,50-89, in the 
maize numbering), sharing 47.8% of the sequence  identities  with 
the maize ns-LTP. A complete assignment of the disulfide 
bridge, in agreement with the castor bean pairing, was proposed 
previously for  our NMR-derived structure of the wheat ns-LTP 
(Gincel et al., 1994) and fully confirmed here for the maize ns- 
LTP using two approaches. In the first step,  two disulfide 
bridges (14-29, 50-89) were assigned unequivocally on the ba- 

c 

f- 

Fig. 1. Stereo view of the  main-chain fold of the maize  ns-LTP.  Side-chain  heavy atoms of cysteines in the disulfide bridges 
and Pro 13 residue  are  represented  in a “capped-stick” style. 
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Fig. 2. C u  stereo view of best-fit superposition o f  the 15 final NMR structures of the  maize  ns-LTP. 
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Fig. 3. Structural  data for the 15 selected NMR-structures of maize ns- 
LTP plotted as  a  function  of  sequence.  Regular  secondary  structure  pat- 
terns  are  indicated  in  the  upper  panel.  A:  Distribution of intraresidual 
(very light shadowed  area),  sequential  (dark  area),  medium (light shad- 
owed area),  and  long  (dark  shadowed  area)  upper-bounds  distances. Re- 
straints  are  counted for both  involved  atoms. B: Average  local  RMSD 
for backbone heavy atoms (N,  Ccu, C', and 0, solid line) and  for all non- 
hydrogen  atoms  (dashed lines) obtained by fitting N ,  C u ,  C', and 0 for 
residues 1-93. C :  Distribution of phi  dihedral-angle  values. D: Distri- 
bution of psi dihedral-angle  values. 

sis of interresidual  NOE  connectivities, whereas the  other  two, 
for which such connectivities were ambiguous, were positioned 
with the assumption  that  the disulfide  bridge  network was iden- 
tical to  that of the wheat ns-LTP (4-52, 30-75). Considering 
such  a  network,  the consistency of the  NOE  assignments was 
tested by performing several rounds of distance  geometry  struc- 
ture  calculations and NOESY spectra  assignments using DIANA 
(Guntert et al., 1991) and  ASNO  (Giintert et al., 1993) pro- 
grams.  The (4-52) and (30-75) bridges appeared  to be fully com- 
patible with the overall NOE connectivities. In the second step, 
in order  to verify that  no  other  disulfide  pairing was compati- 
ble  with the NOE connectivities, a control  calculation was run 
using DIANA,  starting  from  50  random  structures in which all 
restraints relative to  the  disulfide  network were removed.  The 
50 resulting structures were then  analyzed in terms of S-S dis- 
tances.  From  Table  2, it is clear  that  the  disulfide  arrangement 
is as follows: 4-52, 14-29,30-75, and 50-89. This  disulfide net- 
work is the  only possible one in agreement with the NOE con- 

Table 2. Average measured S-S distances ( A )  in 50 distance 
geometry structures without  disulfide bridge constraints 
in maize ns-LTP" 

s-s 4  14 29 30 50 52 75 

14  16.36 
29 15.97 2.08 
30 21.16 6.67 5.84 
50 12.51 16.73  16.67 20.09 
52 3.34 14.35  14.13  19.33  10.07 
75 19.10 5.05 4.30 2.78 17.47  17.07 
89 12.55 19.54 19.41 23.06 3.82 10.67 20.48 

~~ ~~~~ . ~~ ~ ~~~ ~~ ~ ~. ~~~~ ~ 

~~ ~ ~ ~~ ~ 

~~~ ~ ~. ~ ~ 

~ ~- ~~ ~~ ~ 

~ ~~ ~~~~~ ~~~ 

~ ~~~~~~ ~~~ 

'' Values in bold  indicate  the  disulfide  pairings with the  lowest  mean 
S-S distance. 
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nectivity pattern.  This disulfide pairing agrees with that found 
previously for  the wheat ns-LTP and determined recently by 
X-ray crystallography for the maize protein (Shin et al., 1995). 
The four disulfide bridges are located by pairs on the two op- 
posite sides of the molecule (Fig. 1 and Kinemage 2), whereby 
the H3 helix  is linked to the C-terminus and  the N-terminal re- 
gion on  one edge, and the H2 helix to the H1 and  to the end of 
the H4 helix on the  other. 

Hydrophobic core and  molecular  surface 

As with most globular water-soluble proteins,  the three- 
dimensional structure of the maize  ns-LTP  includes a hydropho- 
bic core  constituted by side chains pointing  toward  the  interior 
of the molecule. As described previously for the wheat ns-LTP, 
these side chains adopt a special arrangement, forming an elon- 
gated cavity running through  the whole molecule (Fig. 4 and 
Kinemage 2). This  hydrophobic tunnel-like cavity results from 
the organization of the four amphipathic helices and from  the 
packing of the C-terminus on the H3 helix from Ser 86 to Ser 89 
and  on the H4 from Ile 79 to Ile 83. The kink induced by Pro 13 
in the H1 helix narrows this hydrophobic cavity (Fig. 4), which 
can be included in a 20-A-high cylinder with an elliptic base 
(3 * 4 A). Its inner surface involves Val 7, Ala 10, Ile 1 1 ,  Ile 15, 
Ala 18 in the H1 helix; Val 33, Leu 36, Ala 40 in the H2; Ala 49, 
Leu 53, Ala 56, Ala 57, Val 60 in  the H3; Leu 63 in L3, Ala 68, 
Ile 71, Pro 72 in the H4; and Val 77, Ile 79, Ile 83 in the 
C-terminal region. The presence of such a cavity should allow 
the insertion of a hydrophobic substrate without major changes 
in the protein conformation (see  below). Both extremities of the 
hydrophobic cavity are  surrounded by solvent-exposed residues 
Asn 37, Asn 38, Arg 41, Asp 45, Arg 4 6 ,  and Arg 47 on one side, 
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Arg 19, Gln 21, Asn 64, and Asn 67 on the other. Tyr 81, which 
probably plays an important role in lipid complexation (see be- 
low), lies across the  hydrophobic cavity. 

The maize ns-LTP is a highly charged protein at neutral pH. 
At  the acidic pH (5.4) used in NMR experiments, the electrical 
charge of the protein should remain nearly the same (the se- 
quence does not include histidine residues). Figure 5A shows the 
distribution of charged residues in one of  the NMR solution 
structures of the maize ns-LTP and Figure 5B the electrostatic 
potential map on the  surface of the protein calculated using the 
MOLCAD (Heiden  et al., 1993) option of SYBYL software. 
Most positively charged side chains point  outward  from  the H4 
helix and  the C-terminus. These basic residues (Arg 34, Arg 41, 
Arg 46, Arg 47, Lys 54, Lys 74, Arg 91) define positively  charged 
patches on one face of the protein (Fig. 5B) that could be po- 
tential interaction sites between the protein and  the negatively 
charged head groups of the membrane. 

Lipid  binding 

Lysolecithins were chosen as model phospholipids because they 
exhibit in  aqueous  solution a simple and rapid equilibrium be- 
tween dispersed monomeric molecules and micellar aggregates, 
compatible with  NMR techniques. Furthermore, we have pre- 
viously shown that a lipid-protein  complex can be  observed  eas- 
ily  with monoacyl-lecithins, but not with diacyl-phospholipids. 
Lysolecithin binding to ns-LTPs induces an increase of the he- 
lix content and allows protein crystallization (Rickers et al., 
1984; Desormeaux et al., 1992). 

Lipid binding by ns-LTPs was first investigated in aqueous 
solution by fluorescence spectroscopy using as  substrates lyso- 

ri 

Fig. 4. Stereo view of the pore through  the maize ns-LTP. The backbone is  represented as a tube colored in cyan, hydrophobic 
residues lining the cavity are colored in yellow, basic residues  in pink, acidic residues  in blue, Tyr 17 and Tyr 81 in green, cys- 
teines  residues  in  blue-green,  and  pink  circles  show  the  surface of the  cavity,  calculated  with  the PORE program  (Smart  et al., 1993). 
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Fig. 5. Charged amino acid distribution and electrostatic potential map of the maize ns-LTP. A: Tube representation of the 
C a  trace of one NMR structure of maize ns-LTP. Side chains of charged residues are represented, colored in orange for basic 
residues, in blue for acidic residues. 9: MOLCAD electrostatic potential map representation. Standard Pullman partial charges 
were included in the calculation. Positive (red) and neutral (yellow) contours  are evaluated at + 10 kcal  mol" and 0 kcal mol", 
respectively. 

CI6 (n = 14) and lyso-C12 (n = lo), respectively: CH3-(CH2),- to Tyr 17 and Tyr 81 residues present in the  H1 helix and 

For the maize protein, lipid binding induces an increase  in flu- orophore  cannot be determined in such experiments. At lyso- 
orescence intensity, as illustrated in Figure 6 ,  which  is only due C,6  saturation,  the relative increase of the global fluorescence 

CO2-CH2-CH(OH)-CH2-PO,"(CH2)2-N+(CH3)3. C-terminus, respectively. The specific contribution of each flu- 
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Fig. 6. Relative increase of ns-LTP fluorescence intensity at 310 nm on lysolecithin binding. A: Maize ns-LTP and Iyso-CI6 (0) 
and I ~ S O - C , ~  (A). 6: Wheat ns-LTP (A) and maize ns-LTP (A) with IVSO-C,~. 

intensity is about 80% for  the maize ns-LTP  (Fig. 6A)  and  about 
120% for  the wheat protein  (results  not  shown).  For  the maize 
protein with the  lyso-C,,,  this relative  increase is much lower. 
At a lipid/protein  ratio ( R i )  equal to 6, the relative  increase of 
the  global  fluorescence is only  20%  and  does  not reach a pla- 
teau.  On  the  other  hand,  the relative  increase of fluorescence 
intensity saturates  around 120% for  the wheat ns-LTP  (Fig. 6B). 
Curve fitting gives the following values for  the dissociation  con- 
stants, Kc,: 10.1 -t 1.2 and 1.9 k 0.6 X IO-, M  for  the  inter- 
action of lyso-C,,  and 150 * 8 x 10 M and > 1 x M  for 
the  interaction of lyso-CI2 with wheat and maize ns-LTPs, re- 
spectively. The K,, values obtained with lyso-C,, are in the same 
order of magnitude  as was found  (4 X IO-' M)  for  the binding 
of  long-chain fatty acids by an  oat ns-LTP  (Rickers et al., 1984). 
The  difference in the  affinity between maize and wheat ns-LTPs 
for long-chain  lysolecithins is significant, but  not considerable, 
whereas  the  maize  protein  catalyzes  more efficiently phospha- 
tidylcholine  transfer between membranes  (Petit et al., 1994). 
This emphasizes the fact that  interactions between ns-LTPs and 
lipid bilayer interfaces  are  other essential parameters  for  the 
transfer of lipids between membranes.  The maize  protein  exhib- 
its a higher affinity with long-chain lysolecithins than  does  the 
wheat protein, but a lower affinity with short-chain lipids. This 
apparent  contradiction might be explained by the fact that, un- 
der  our  experimental  conditions,  lyso-CI2 is below its  critical 
micellar concentration  (CMC = 0.43 X IO-' M),  whereas lyso- 
CI(, is above  (4 X IO-' M) .  These results  suggest that, in the 
case of  the maize protein, lipid binding can occur  mainly if lipid 
aggregates (micelles) are  present. Such an  interfacial  activation 
is not necessary for  the wheat protein, which can  bind  mono- 
meric  lipids. 

Lysolecithins  binding by ns-LTPs  was  also investigated by 
NMR.  The results (P.  Sodano,  unpubl. results) can be summa- 
rized as follows. Rather similar behaviors are observed for wheat 
and maize ns-LTPs in the presence  of lyso-CI,  and  lyso-C,, 
(Petit, 1994). Line  broadening  and  changes in ' H  chemical 
shifts,  as well as in the  scalar  and  dipolar connectivities,  were 
observed when the  proteins were titrated with the lipids. Briefly, 
for  the wheat protein interacting with lyso-C,,, a slow exchange 
between free and  bound  forms is observed. This is evidenced by 

the  simultaneous  observation  of NOESY cross  peaks  arising 
from both forms in the spectrum for Ri < 1. Based on chemical- 
shift  variations of C,H protons of Tyr 81, the  exchange  rate 
upper limit  was estimated  at 370 s", indicating  a slow ex- 
change  on  the NMR time scale. With  lyso-C,,,  the  exchange 
rate was higher, with a  continuous  variation of the chemical 
shifts  pointing to  a progressive transition between free and  bound 
forms. 

Similar results are obtained for  the maize protein. A 1 / 1  lipid- 
protein  complex is formed with palmitoyl and  a fast equilibrium 
is also observed with the  lauroyl derivative. In one-dimensional 
' H  NMR spectra of the complexes, the  strong  resonance of the 
CH,  groups of the lipid aliphatic  chain is either  totally split 
and/or broadened and  thus undetectable, whereas the resonance 
of the  choline  N+(CH3))  group  remains  narrow  (Petit, 1994), 
which proves  that this part of the lipid remains highly mobile. 
Because overlapping  problems  precluded  unambiguous assign- 
ments of NOES between the lipid and  the  protein in the  com- 
plex, we used  ColH  chemical-shift differences between the  free 
and the bound  protein  states  as  probes  for  locating  the lipid- 
binding site. As seen in Figure  7A,  the  most  dramatic  changes 
for  both complexes occur in the second  half of the  protein se- 
quence whereby the  H3,  H4 helices and  the  C-terminus  are 
mainly concerned. Because most hydrophobic residues  present 
in the  internal cavity (see above)  are  affected by lipid complex- 
ation,  one  can  assume  that this  cavity is the  binding  site of the 
aliphatic  chain of the lipid. 

Lipid  protein  complex 

Because the cavity is extended  through  the  entire  molecule,  op- 
posite  orientations  of  the lipid  inside the  protein cavity can be 
considered.  Our choice was based on the following arguments. 
First,  a  favorable site for  the  fixation of the  polar  head exists 
around  the L2 loop in the presence of three positively charged 
residues  (Arg 41, Arg 46, and  Arg 47) and  one  negatively 
charged  residue  (Asp 45). This  Asp-Arg  sequence is especially 
well conserved in ns-LTPs (Desormeaux et al., 1992). Secondly, 
as seen  in  Figure 78,  the Leu  63 C,,H  chemical  shift is more 
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Fig. 7. H a  chemical  shifts. The  absolute values of the Ha chemical-shift  differences in ppm  are  plotted  against  residue  nurn- 
bers. Lyso-C,,, complex  and  free  protein  (black  bars in the  upper  part of the  histogram).  Lyso-CIh  and  lyso-C12  complexes (grey 
bars in the  lower  part). 

perturbed by the  long alkyl chain  of  Iyso-C16  than by that of 

The hypotheses used to build a  model for a  complex with lyso- 
Clh  in accordance with the  NMR  data were the  embedding of 
the lipid alkyl chain in the protein cavity with its methyl end close 
to Leu 63,  the  anchoring  of  the  phosphate  group to the L2 loop 
charged  residues,  and  the  external  positioning  of  the  choline 
head group.  The resulting  energy-minimized model is shown in 
Figure 8 and Kinemage 3,  where basic  residues Arg  41,  Arg 46, 
and  Arg  47  interact with the  phosphate  and  Asp  45 is directed 
toward  the positively charged  choline moiety. No  major  differ- 
ences are  observed between free  and  bound  protein  structures, 
except for a slight swelling of  the  global  structure to accommo- 
date  the lipid (see Fig. 9 for a superposition  of  the C,, traces). 
The average RMSD is 1.1 A, but the N-terminal part  of  the  pro- 
tein is less perturbed  than  the  C-terminal  part  (the  RMSD is 
0.77 A for  residues 1-60 and 1.29 A for residues 61-93). Fig- 
ure 9 shows the  Tyr 81 residue is also  perturbed by the lipid bind- 
ing as its aromatic  ring, which obstructs  the cavity in the  free 
protein,  undergoes a 90' rotation,  making it nearly parallel to  
the cavity wall ( A x I  = -17", Ax2 = -30"). In the  model, a hy- 
drogen  bond between the lipid carbonyl  and  the  proton  of  the 
hydroxyl group of Tyr 81 stabilizes the position of the side  chain. 
Such a change in the  environment  of  the  tyrosine  side  chain 
could  explain  the 0.31-ppm shift of the ring proton  resonances 
observed in the  NMR  spectra,  as a consequence of the  rotation 
of its aromatic ring. This change of conformation is further  sup- 
ported by the chemical-shift difference  observed  for C,H pro- 
tons of Tyr 81 (A6 = 0.1 ppm in the  free  protein, A6 = 0.8 ppm 
in the complex).  Large  chemical-shift  changes are  also observed 
for  Thr 85 and Val 92, which are in the vicinity of the  tyrosine 
residue. Conversely,  Tyr 17 at  the  end  of  the  HI helix is solvent 
exposed and not  affected by lipid complexation  (Fig. 7). It could 

lyso-cl2. 
then be suggested that  fluorescence  changes  (Subirade et al., 
1995) on lysolecithin binding  are  mainly  due to Tyr 81. 

Discussion 

Comparison oJsolution and crystal structures 

While our work on  the NMR  determination of  the maize ns-LTP 
three-dimensional  structure in solution was terminating, its 
X-ray structure  at 1.9 A resolution  was  published (Shin et al., 
1995). Because the  X-ray  coordinates  are  not yet available, we 
cannot  compare  the  solution  and  crystal  structures  of  this  pro- 
tein at  the  atomic level. A visual inspection  shows  that  both 
global  folds  are very similar, except in the  C-terminal  region, 
which contains  one  turn  of 310-helix (89-91) in the  crystal  and 
a turn  stabilized by the  side-chain-backbone  hydrogen  bond in 
the  solution  structure.  The slightly different  lengths  of  the  HI 
and  H2 helices are 4-18 and 27-39 in the  crystal  and 5-19 and 
26-39 in solution, respectively. Such  differences could reflect en- 
vironmental  effects,  but  could  also  originate  from  the  criteria 
used to  define  the helical residues,  DSSP in our  calculations 
(Kabsch & Sander, 1983). 

There is a good correlation between the variations of  the back- 
bone  average  RMSD  of  the NMR-derived structures  and  the 
backbone  B-factors  of  the X-ray structure (Shin et al., 1995), 
which indicates both  static  and  dynamic  disorder in the crystal. 
Clearly,  these  disorders  are higher  in the  three  loops  and  the 
C-terminal  fragment than in the  four helices. The  end of this last 
fragment is less structured in solution  than in the crystal form 
(no 310-helix is observed).  Two  additional residues  (Val  7 and 
Ala 10) are  found  to be involved in the internal  hydrophobic cav- 
ity in the solution  structure. The volume of this cavity, estimated 
at 270 A" in the models of  the  solution  structure, is the  same  or- 
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1 

Fig. 8. Space-filling  model of the  lyso-C16-maize  ns-LTP complex. The 
residues GIy 76-Asn 93 are not displayed  in  order to show  the  embed- 
ding site of the lipid. Colors are coded as follows: lipid  in  green  with 
phosphate  and  carbonyl  groups  colored by atom  type,  protein  backbone 
in white, hydrophobic side-chains in yellow, basic  residues  in blue. 

der of magnitude (300 A3) as in the crystal. No ordered specif- 
ically bound water molecules were detected in the  hydrophobic 
cavity by X-ray diffraction. 

There are  no major differences between the  backbone folds 
of the  free and the palmitate-complexed ns-LTP crystal struc- 
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tures (Shin et al., 1995). Interestingly, the B-factors of the com- 
plexed form  are reduced in the second part of the protein 
sequence, exactly  where the C,H chemical shifts are more per- 
turbed by complexation of the ns-LTP with 1yso-cl6. Our 
model for  the complex is fully consistent with the crystal data. 
In both structures, the aliphatic chain of the palmitate and lyso- 
c16 are extended inside the internal cavity and their polar heads 
are orientated toward the L2 loop. Due to the size and structure 
of its polar head, I ~ S O - C , ~  is probably not located in exactly the 
same position as the palmitate molecule. A perturbation is de- 
tected in the NMR spectra of the cl6 complex (Fig. 7), around 
the L3 loop (Leu 63), which could be attributed to the presence 
of the methyl end of the  aliphatic chain. This chain is slightly 
kinked around the Cz-C4 and c14-Cl6 bonds; this kink results 
from a local narrowing of the hydrophobic cavity. Tyr 81 plays 
a key role in the mechanism of lipid insertion into  the hydro- 
phobic  cavity  (see above) in that its hydroxyl group interacts with 
the carboxylate or carbonyl group of the lipid in both complexes. 

Maize and  wheat ns-LTP solution  structures 

We have previously  published the first known three-dimensional 
structure of a plant ns-LTP issued from  an NMR study of the 
wheat protein in aqueous  solution (Gincel et al., 1994), and we 
have compared the secondary structures of both proteins (Petit 
et al., 1994).  Besides the small structural  variations resulting 
from a better refinement of the structure of this second protein, 
noticeable differences appear in the H1  and H4 regions. Both 
H 1 helices are kinked around a median Pro residue, but the H1 
maize protein fragment is  clearly  longer than the other (Fig. 10). 
In the wheat protein,  the H4 helix,  which exhibits rather scat- 
tered ($,$) angles and is closed to a 3,,,-helix, is interrupted by 
two consecutive prolines. The three residues that follow in the 
sequence remain in helical conformation. In the maize protein, 
H4 is a well-defined a-helix that is only slightly distorted by a 

Fig. 9. Complex and free  protein backbone comparison. The protein Ca trace is represented  in an orthographic view. Color 
coding is  the same as in  Figure 10. The swing of the  crucial  Tyr 81 aromatic ring, which  is displayed in  magenta for the  free 
protein and in yellow  in  the complex, is highlighted. 
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Fig. 10. Sequence  alignment of HPS,  wheat.  and  maize  ns-LPT.  Secondary  structure  elements  are  indicated.  Arrow  corresponds 
IO a 8-strand. 

unique Pro residue. Some differences also exist at the C-terminus, 
in which a short  y-turn is found  at  residue  83 in the  wheat  pro- 
tein,  whereas  the  corresponding  turn in the  maize  ns-LTP is 
looser  and stabilized by hydrogen  bonds  involving  side  chains. 
Our present results indicate that  the L2, H3, H4, and C-terminus 
are  probably involved in the lipid complexation  mechanism. 
However, i t  seems premature  to  draw  any conclusions about  the 
relationships between the three-dimensional structures of wheat 
and maize ns-LTPs  and  their  different  transfer activities. The 
transfer activity is a  global mechanism involving interactions be- 
tween ns-LTPs  and  membranes  and  the  formation of lipid- 
protein  complexes.  The next step in our  investigation will be to 
establish the  structure of a  wheat ns-LTP-lyso-CI, complex and 
to compare  this  model to the maize ns-LTP  complex  described 
here. 

ns-LTPs and HPS struclures 

HPS is a small  globular  protein  whose  structure  was resolved 
at a  resolution of 1.8 A by X-ray diffraction  (Baud et al., 1993). 
NMR studies  of  the  protein were  begun in our  laboratory  and 
a similar  secondary  pattern was found in solution  (Sodano & 
Ptak, 1995). The  protein  sequence  contains  80  amino  acids  and 
eight cysteines forming  four  disulfide  bridges;  40%  sequence 
similarities were found with other  ns-LTPs.  The  authors  de- 
scribed the protein structure as a four-helix  right-handed bundle 
with  a C-terminus  packed  against  the  fourth helix in a &strand 
conformation.  The main feature  of  this  protein is the very high 
number of hydrophobic residues,  which are  partly  exposed to 
the  solvent. As a consequence, its  sofubility in aqueous  solution 
is very poor  at  neutral  pH  and,  therefore, its  biological func- 
tion is still unknown.  Similarities exist  between the  structures 
of wheat and maize proteins  on  the  one  hand  and  that of the 
soybean  protein  on  the  other.  The  three  proteins  adopt  similar 
architectures, as  emphasized by the interhelical angle values 
listed in Table 3. Furthermore, in HPS, most of the  hydropho- 
bic  residues  were found  to  be involved in the  formation of a 
hydrophobic  core.  Close  examination  of  the  structure shows the 
existence of a hydrophobic tunnel, not described previously. The 
cavity runs parallel to  the  H3 helix through  the whole molecule, 
starting  at  the L2 loop  and  ending  at  the  LI.  The cavity volume 

is roughly  the  same  order  as  those  found  for wheat and maize 
ns-LTPs. 

On  the  contrary, it  is worth  noting  some  striking differences. 
First, the net charge of the  HPS is null at  neutral pH. Secondly, 
no  polar  residue is pointing inside the  cavity, which could  po- 
tentially form a  hydrogen bond with a carbonyl  group of a lipid 
(Tyr 71 juts  out  into  the  solvent).  Furthermore,  only  one nega- 
tively charged residue is present in the L2 loop, whereas in ns-LTPs, 
a cluster of positive and negative  residues  in this  loop stabilizes 
the  lipid-protein  complex.  From these observations, i t  is pre- 
mature to conclude that the HPS is a lipid carrier  despite the sim- 
ilarities to  the  two  ns-LTPs.  The presence of  the  channel seems 
to be  inherent in the  spatial  arrangement  of  the  four helices, 
maintained by four  disulfide bridges, which defines a novel ar- 
chitecture of a-proteins. 

Lipid transfer activity 

The present  results demonstrate  that,  just  as  the wheat ns-LTP, 
the maize ns-LTP is able to complex a lysolecithin in aqueous 
solution.  However,  unlike  the  wheat  protein,  an  interfacial  ac- 
tivation is apparently necessary to bind the lipids. Lysolecithins 
exhibit a  lower affinity  for  the  maize  ns-LTP below their criti- 
cal micellar concentration. Interfacial  activation is also encoun- 
tered in the lipid  hydrolysis by phospholipases (Scott & Sigler, 
1994), and is in agreement with previous  fluorescence results in- 
dicating  that  the maize protein  (and  not  the  wheat)  induces im- 
portant  changes in the  structure  and  dynamics  of  the  liposome 

Table 3. Mean interhelical angles (in degrees) calculated 
according I O  Harris et a/. (1994) 

- ~~ .~ 

Maize  ns-LTP 
" ~- 

- 146 
- 31 
-141 

124 
-78 
I40 

- 143 
-22 
- 143 

132 
-72 
I45 
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lipids (Subirade et al., 1993). Therefore,  compared  to  the wheat 
ns-LTP, the higher  interfacial  activity of the maize protein could 
be  responsible  for its higher  transfer  activity. 

Lipid transfer obviously implies adsorption of the  ns-LTP on 
the bilayer interfaces  before  the  binding  occurrence. We have 
previously shown  that lipid transfer activity is improved by in- 
creasing the anionic phospholipid ratio in liposomes (Petit et al., 
1994). This  improvement  could be related  to  the  charged resi- 
due  distribution  and  the  subsequent  electrostatic  potential re- 
partition  (Fig. 5 ) .  Indeed,  the  maize  ns-LTP  has  a positively 
charged  side, involving the  H3 helix and  the  C-terminus, which 
could be a  potential  interaction site with negatively charged 
membrane interfaces.  Clearly, the remaining  problem is to deter- 
mine the  mode  of  binding  of  diacyl-phospholipids  to  ns-LTPs. 
As demonstrated by solution  and crystal  studies, the tunnel-like 
cavity can  accommodate  one  aliphatic  chain  without  major 
changes in the  protein  structure. 

The existence of a stable lysolecithin-protein complex in aque- 
ous solution is compatible with a model in which the  ns-LTP  acts 
as  a carrier capable of  extracting one lipid molecule from  a mem- 
brane  and  transferring it to  another.  Until  now, it was impos- 
sible to  isolate  a  stable  complex involving  diacyl phospholipids 
and  to  establish  the  mode of binding  of  such  a molecule to  the 
ns-LTP.  Recent monolayer  experiments  (Subirade et al., 1995) 
give some new information on the interaction between the wheat 
ns-LTP  and  diacylphospholipids.  A  model is proposed involv- 
ing a collisional complex-shuttle  mechanism. In this  model, only 
one acyl chain  of the lipid is inserted into  the  protein  hydropho- 
bic tunnel  and  the  transfer implies a close contact between the 
donor  and  acceptor  membranes  to  avoid  transfer  of the  second 
acyl chain in the  aqueous  solvent. New investigations  are  cur- 
rently undertaken in order  to establish more precisely the bind- 
ing mode of diacylphospholipids by ns-LTPs. 

Materials and methods 

Fluorescence spectroscopy 

Binding of  lysophosphatidylcholine species  was probed by in- 
trinsic  fluorescence  spectroscopy of tyrosine residues of wheat 
and maize LTPs.  Experiments were conducted  at 25 "C with a 
SLM 4800 spectrofluorimeter  (Aminco, USA). The  excitation 
wavelength was at 275 nm  and emission spectra were recorded 
from 300 to 400 nm  with  4-nm  bandwidths  and were corrected 
for  the  buffer  contribution.  Inner filter  effect was negligible by 
maintaining  sample  absorbency below 0.1 absorbency  units. 
Small amounts of concentrated  dodecanoyl-  and hexadecanoyl- 
lysophosphatidylcholine  solutions in water (1-5 mg/mL) were 
added  stepwise  to  a  cuvette  containing 1 mL  of a  LTP  solution 
(0.25 mg/mL) in 20 mM Tris-HCI,  pH  7.8, in order  to limit vol- 
ume  changes  (maximum increase 5%  at  the  end  of  a binding  as- 
say).  For  each  lipid-protein  ratio,  the  fluorescence  maximum 
intensity  at 310 nm was  used for  constructing lipid titration 
curves.  This  maximum  intensity was determined by averaging 
the intensity values obtained  at 309, 310, and 31 1 nm.  Curve fit- 
ting was carried  out by considering one binding  site from NMR 
lipid titration  experiments.  The  quality of fitting was assessed 
by a  reduced x2 test.  Free  ligand ( L )  was determined by L = 
Lo - aPo, where Lo and Po are  the  total lipid and  protein  concen- 
trations in mM; 01 is the  fraction of the occupied  site  determined 
as (F - Fo/F,,,, - Fo), where Fo is the fluorescence  intensity of 

the  protein  solution, F,,,,, the  maximum intensity obtained  at 
lipid saturation,  and F the intensity obtained  at  each lipid- 
protein  ratio. 

NMR-derived geometric  constraints 

The  samples of wheat and maize ns-LTPS were purified  as de- 
scribed previously (Desormeaux et al., 1992). Experimental  con- 
ditions of the ' H  NMR  study of the maize ns-LTP have  been 
described  elsewhere (Petit et al., 1994). Upper-bound  distance 
restraints were  derived from  two  sets of  NOESY spectra re- 
corded on a Bruker  AMX-500  spectrometer  operating  at  a  fre- 
quency  of 500 MHz  for  proton  nucleus on a IO-mM sample of 
maize ns-LTP in 90%  H20/10%  D20 solution buffered  at pH 5 . 5  
by deuterated-acetate (100 mM).  For  spectra recorded in D20,  
a 4-mM sample was used (40 mM of acetate  buffer)  under  the 
same experimental  conditions. For all spectra, the spectral width 
was 5,050 Hz  and  the  temperature was set to 308 K .  The  quan- 
titative  distances were derived from NOESY spectra  recorded 
with mixing times of 60  and 120 ms. For each  NOESY  experi- 
ment, 800 t ,  values were recorded with 4,096 data  points  along 
the t2 dimension.  Prior  to  Fourier  transformation,  the time do- 
main  data were  multiplied by phase-shifted sine-bell functions 
and  zero filled to  8,192  points in t 2  and 2,048 in t , .  Spin-spin 
coupling  constants 3JcvNH were measured on a  high-resolution 
DQF-COSY  spectrum  recorded with 800 t ,  values and  8,192 
points  along t2 and  zero filled to  2,048  points in t ,  and 16,384 
points  along t2 .  3 J , v p  coupling  constants were derived from a 
ECOSY spectrum  recorded with 800 points  along t ,  and  8,192 
points  along t2 and  zero filled to  2,048  points  along t ,  and 
16,384 points  along f 2  prior  to  Fourier  transform. 

The  studies on lipid-protein complexes were conducted on 
2-3-mM samples of protein.  The  solutions were buffered  at 
pH 5.5 by deuterated  acetate and spectra were recorded at 308 K. 
Increasing amounts of lyso-phospholipids were added to  the  pro- 
tein solution  from 0 to  3  equivalents by steps of 0.5 equivalent. 
At each step,  a  one-dimensional  and  a NOESY spectrum were 
recorded.  Chemical  shifts of the  protein  protons in the  com- 
plexes were measured on NOESY spectra  recorded on samples 
containing  three  equivalents  of  lyso-phospholipids for both  com- 
plexes with C,>  and  C,, lipids. 

Structure determination 

The  three-dimensional  structure of the maize ns-LTP in solu- 
tion has been determined by a hybrid method based on distance 
geometry and simulated annealing  procedures.  The assignment 
of the NOESY cross  peaks was supported by repeated  rounds 
of structure calculations with DIANA  and  ASNO  software.  The 
cross peak volumes, obtained  from  the NOESY experiments re- 
corded in H,O, were corrected  to  restore  the initial  signal be- 
fore  the  jump  and  return  sequence.  After  internal  calibration, 
the  interproton  NOEs were  classified into 10 qualitative  bands 
provided by the  CALIBA  program. Before application of the 
appropriate  pseudo-atom correction  (Wiithrich et al., 1983), the 
values for  the  upper  distance limits  were  restricted to  the 2.4- 
5.0-A range  for  NOEs  recorded  at  60  ms.  The  upper  distance 
limit was set at  6.0 A for  NOEs  observed  at 120 ms.  Restraints 
for  backbone  and side-chain  torsional  angles were derived from 
the 120 measured  coupling  constants ( 3 J N H a  and 3Ja0) and  in- 
traresidual and sequential  distances by using the systematic grid- 
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search method included in the HABAS program. Twenty pro- 
chiral groups were stereospecifically assigned using HABAS and 
GLOMSA. In addition, we were able to assign stereospecifically 
methyl protons of four out of five valine residues.  The final 
structure calculations, performed with DIANA using the 
REDAC strategy, were based on 1,091 NOE-derived distance 
restraints (F ig .  3A) including 162 i n t r a  residue, 283 sequential, 
333 medium-range (1 < I i - j I 5 4), and 313 long-range con- 
nectivities, and 197 dihedral restraints (79 4 ,  80 $, 38 X,). We 
added 20 constraints defining the four disulfide bridges, and 52 
other constraints taking into account 26 hydrogen bonds related 
to the slow exchange rates in D,O of the amide protons in t h e  
regular secondary structure. A set of 26 structures with low 
DIANA target function (0.6-2 A*) was further refined by using 
standard XPLOR (Brunger, 1992) simulated-annealing protocols 
and energy minimization w i t h  the CHARMM ( B r o o k s   e t  al., 
1983) force field potential implemented in XPLOR 3.1. 

The disulfide pairing of the eight cysteine residues of the maize 
LTP was not characterized chemically, b u t  was deduced in the 
course of the structure d e t e r m i n a t i o n .  This was achieved b y  an 
analysis of the S-S distances in a set of 50 DIANA structures cal- 
culated without the specific inclusion of disulfide bonding 
information. 

The secondary structure of each member of the ensemble was 
determined using t h e  method of Kabsch and Sander (1983). Out 
of 26 XPLOR energy-minimized s t r u c t u r e s ,  15 were selected 
using the following criteria. The final s t r u c t u r e s  exhibit no ex- 
tra constraint violations compared to the DlANA s t r u c t u r e s  
(s tar t ing point of XPLOR ca lcu la t ions  and presen t   a t   l ea s t  70% 
of their (+,$) torsional angles in t h e  core region of t h e  
Ramachandran m a p s ) .  

The modeling study of the complexes w i t h   a - l y s o p a l m i t o y l -  
phosphatidylcholine ( lyso-Clh)  was carried o u t  with the SYBYL 
software (TRIPOS, S t .  Louis, Missouri). The starting s t ruc tu res  
were built up by visual docking of the lipid molecule into the 
maize ns-LTP according to the previous results of t h e  NMR 
study. These initial structures were then minimized using t h e  
TRIPOS force field (Clark et al., 1989), with a I O - A  cut-off dis- 
tance, Pullman atomic charges, and a distance-dependent dielec- 
tric function E = 3r in order t o  simulate the so lven t  effect. The 
first m i n i m i z a t i o n  involved the lipid atoms and the residues of 
the hydrophobic p o c k e t  and in a second step, all t h e  side-chain 
atoms were included in t h e  minimization process. The final min- 
imization included t h e  whole se t  of atoms of the complex. Co- 
ordinates of the s o l u t i o n  structure of maize ns-LTP have been 
deposited in the Brookhaven Protein Data Bank. 
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